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A lesão traumática da medula espinal é um evento devastador que leva à perda 
de funções neurológicas abaixo do nível vertebral da lesão. Devido à falta de 
capacidade regenerativa dos neurónios adultos do sistema nervoso central, 
quando lesionados, as consequências das lesões são parcial ou totalmente 
irreversíveis. A falta de capacidade de regeneração dos neurónios do SNC tem 
sido estudada há anos, mas ainda não foi encontrado um tratamento efetivo para 
esta patologia; apenas os esteroides são validados e reconhecidos como um 
tratamento farmacológico, mas só limitam a extensão da lesão. Este trabalho 
centrou-se na procura de genes hipoteticamente envolvidos em regeneração do 
sistema nervoso, que possam ser candidatos a alvos de terapia para lesões na 
medula. Foi realizada uma análise bioinformática baseada em estudos com 
modelos de roedores com lesão da medula espinal, onde uma tentativa de 
tratamento regenerativo foi aplicada e observou-se recuperação funcional, e 
foram levantados os genes regulados comuns aos três estudos. Os genes KIF4A 
e MPP3 foram destacados para estudos experimentais adicionais num modelo 
regenerativo: um modelo de roedor, de lesão do sistema nervoso periférico, com 
esmagamento ou corte do nervo ciático. Os resultados demonstraram que os 
genes KIF4A e MPP3 são expressos e regulados no nervo ciático lesionado e 
nos gânglios da raiz dorsal correspondentes. Além disso, estes genes também 
mostraram distribuição proteica em secções de tecido de medula espinhal, de 
nervo ciático e em cortes de DRG, desvendando que possam ser específicos de 
tecido neuronal. Estes resultados representam observações importantes para 
instigar estudos adicionais sobre o papel destes genes nos processos 
regenerativos de tecidos neuronais lesionados e a possibilidade de se tornarem 
alvos terapêuticos importantes para lesões ou patologias relacionadas que 
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Traumatic spinal cord injury (SCI) is a devastating event that leads to loss of 
neurological functions below the vertebral level of the lesion. As adult neurons 
from central nervous system (CNS) fail to regenerate when injured, the 
consequences of SCI are partially or totally irreversible. The lack of regeneration 
ability of CNS neurons has been studied for years but still no effective treatment 
was found for this pathology; only steroids are validated and recognized as a 
pharmacologic treatment attempt, but just limit the lesion extent. This work 
focused on finding putative candidate genes involved in regeneration that could 
be targeted for therapy. A bioinformatics analysis based on studies with rodent 
SCI models, where a regenerative treatment attempt was applied and functional 
recovery was observed, was performed and some common regulated genes 
were found in the analysed studies. KIF4A and MPP3 genes were highlighted for 
further experimental studies in a regenerative model: a rodent model of 
peripheral nervous system (PNS) injury, with crush or transection of the sciatic 
nerve. Our results demonstrated that KIF4A and MPP3 are expressed and 
regulated in the lesioned sciatic nerve and in the corresponding dorsal root 
ganglia (DRG). Moreover, these genes also showed protein distribution in spinal 
cord tissue sections, in sciatic nerve and in DRG cuts, revealing that they are 
neuronal specific. These results represent important remarks to instigate further 
studies regarding the role of these genes in regenerative processes of lesioned 
neuronal tissues and the possibility of becoming important therapeutic targets in 





























































































































































































































































































































The	 CNS	 consists	 of	 the	 SC	 and	 the	 brain	 (brainstem,	 cerebellum,	 diencephalon,	 and	
telencephalon)	 that	 are	 protected	 by	 the	 vertebrate	 spinal	 column	 and	 the	 cranial	 bones,	
respectively	(1,2).	
1.1.1.	Neuroanatomical	terminology	
















tubulin,	 and	 myosin	 are	 organized	 in	 a	 specialized	 way	 to	 support	 synaptic	 junctions.	 These	
combined	 with	 vesicular	 motor	 and	 scaffolding	 proteins	 are	 essential	 to	 the	 growth,	 trafficking	
events	and	positioning	of	membrane	components	of	axons	and	dendrites.	These	proteins	are	also	
important	 for	 processes	 of	 exocytosis	 and	 endocytosis,	 fundamental	 processes	 for	 synapses.	
































SC	 is	 divided	 in	 four	main	 regions:	 8	 cervical	 segments,	 12	 thoracic	 segments,	 5	 lumbar	
segments	 and	 5	 sacral	 segments	 (Figure	 3.C).	 Peripheral	 fibres	 that	 leave	 the	 spinal	 cord	 at	 the	












































by	 the	 Netherlands,	 (11.7	 per	 million),	 Turkey	 (12.7	 per	 million),	 Ireland	 (13.1	 per	 million),	
Switzerland	(15	per	million),	Finland	(13.8	per	million),	and	Norway	(16.5	per	million)	(7,11–16).	In	
Portugal,	between	1986	and	1990,	the	annual	 incidence	of	SCI	was	58	per	million	population	but	




the	most	 common	cause	of	 traumatic	SCI,	 followed	by	 falls	 in	 the	elderly	population	and	acts	of	
violence	(5–7).	In	USA,	45%	of	lesions	lead	to	incomplete	tetraplegia,	21.3%	to	incomplete	paraplegia	
followed	by	complete	paraplegia,	and,	less	common,	complete	tetraplegia.	Less	than	1%	of	persons	

















by	4	different	mechanisms:	1)	 cord	maceration,	 in	which	 the	morphology	of	 the	cord	 is	 severely	
destroyed;	2)	cord	lacerations	(gun	shot	or	knife	cuts);	3)	contusion	injury,	which	leads	to	a	central	
hematomyelia	that	may	evolve	to	syringomyelia;	and	4)	solid	cord	injury,	in	which	there	is	no	central	








hypothermia	 (23).	 The	hypotension	 is	 due	 to	 loss	of	 sympathetic	 tone	 and	decreased	peripheral	
vascular	 resistance	 (24).	 These	 primary	 injury	 mechanisms	 are	 responsible	 for	 the	 evolution	 to	
secondary	 injury	mechanisms.	Cell	permeabilization,	pro-apoptotic	signalling	and	 ischaemic	 injury	
cause	cell	dysfunction	and	thus	death	(4,25,26).	Haemorrhages	facilitate	the	access	of	inflammatory	















dpi),	 macrophages/microglia	 (peaking	 at	 7	 dpi)	 and	 T	 cells	 (peaking	 at	 9	 dpi)	 (30,31).	 Activated	
macrophages,	PMNs	as	neutrophils,	and	lymphocytes	are	recruited	to	the	lesion	to	phagocyte	myelin	
debris,	which	in	turns	results	in	the	production	of	reactive	oxygen	species	(ROS)	due	to	oxidation.	
This	 oxidation	 worsen	 the	 inflammation,	 with	 the	 release	 of	 more	 free	 radicals	 (O2-,	 hydrogen	
peroxide	and	peroxynitrite)	that	have	a	damaging	effect	in	the	tissues,	inducing	lipid	peroxidation,	
Deoxyribonucleic	 acid	 (DNA)	 oxidative	 damage	 and	 protein	 oxidation,	 increasing	 necrosis	 events	
(32–34).	
























ischemia	 and	 excitotoxicity,	 increases	 intracellular	 calcium	 levels.	 In	 addition,	 oxidative	 events	
damage	 mitochondria	 contributing	 to	 intracellular	 calcium	 increase	 which	 activates	 proteases	





















injury	 (56–58).	 Animal	 models	 have	 shown	 a	 perilesional	 area	 around	 the	 cystic	 cavities,	 with	



















ependymal	 layers	of	 the	central	 canal	allow	the	differentiation	and	proliferation	of	new	glial	and	
support	cells	(68),	and	oligodendrocyte	precursor	cells	that	can	generate	neurons,	oligodendrocytes	




are	 already	 in	 the	 clinical	 studies	 phase.	 Clinically	 proven	 treatments	 available	 are	 restricted	 to	
decompressive	 surgery,	 control	 of	 blood	 pressure	 to	 ensure	 adequate	 SC	 reperfusion	 (4),	 and	
methylprednisolone	 as	 acute	 treatment,	 to	 control	 the	 secondary	 damages	 caused	 by	 the	
exacerbated	 inflammation.	 However,	 the	 latter	 is	 no	 longer	 recommended	 due	 to	 possible	 side	
effects	(70).	
Conceptually,	 a	 treatment	 that	 targets	 the	 secondary	 damage	 and	 thus	 preserve	 the	
functional	tissue	 is	considered	neuroprotection	(71).	Various	therapeutic	strategies	to	reduce	the	






dead	 cells,	 create	 a	 favourable	 environment	 for	 axon	 regeneration;	 molecular	 therapeutic	
interventions:	 protect	 neurons	 from	 secondary	 cell	 death,	 promote	 axonal	 growth	 and	 enhance	





In	 the	 lesioned	mammalian	 CNS,	 there	 is	 an	 initial	 attempt	 of	 transient,	 abortive	 axonal	
sprouting,	but	no	significant	or	effective	regeneration.	However,	in	the	lesioned	PNS,	degeneration	
after	 injury	may	be	followed	by	successful	axonal	regeneration	and	functional	recovery	when	the	





sensorial	 electrical	 signals.	 The	afferent	 axons	are	 involved	by	 Schwann	cells,	which	produce	 the	
myelin	sheaths	(myelinated	fibres)	and	allow	also	the	depolarization	and	repolarization	of	the	axon	
through	nodes	of	Ranvier,	or	are	only	wrapped	by	 the	cytoplasmic	processes	of	non-myelinating	
Schwann	cell.	 In	 the	 central	branch,	 axons	are	 involved	by	oligodendrocytes	 that	 are	 the	 central	
neuroglial	cells	responsible	for	the	myelin	production	(1).	
The	myelin	sheaths	result	from	the	fusion	of	the	myelinating	Schwann	cells’	body	and	the	
plasma	 membrane	 of	 the	 axon.	 Peripheral	 nerve	 fibres	 are	 covered	 by	 surrounding	 layers:	 the	
endoneurium,	the	perineurium,	and	the	epineurium.	The	endoneurium	surrounds	myelinated	and	
unmyelinated	 axons,	 and	 consists	mainly	 of	 collagen	 fibres	 but	 is	 also	 composed	 of	 endoneurial	




















The	 PNS	 represents	 the	 connection	 between	 peripheral	 structures	 and	 the	 CNS.	 The	
transmission	of	somatosensory	information	from	the	periphery	to	the	spinal	cord	and	brain	stem	is	
mediated	by	neurons	whose	cell	bodies	are	located	in	dorsal	root	and	cranial	nerve	sensory	ganglia	












criterion.	Further	histochemical	and	 immunohistochemical	 studies	 led	 to	 the	 identification	of	 specific	
antigens	that	permit	the	distinction	between	different	subgroups.	
When	speaking	about	speed	of	conduction,	the	somatosensory	system	has	several	neuronal	
types	which	 includes	 large	myelinated	afferent	axons	(Aβ)	 that	are	associated	with	 low-threshold	
mechanoreceptors	and	express	tyrosine	receptor	kinase	B	(TrkB)	and/or	tyrosine	receptor	kinase	C	
(TrKC)	 (83),	 while	 non-myelinated	 (C)	 and	 thinly	 myelinated	 axons	 (Aδ)	 contain	 high-threshold	




nerve	 growth	 factor	 (NGF)-dependent	 neurons	 and	 glial	 cell	 line-derived	 neurotrophic	 factor	
(GDNF)-dependent	neurons.	The	first	group	expresses	the	high-affinity	NGF	receptor	tyrosine	kinase	
A	and	contains	neuropeptides	such	as	Substance	P	(SP)	and	calcitonin-gene	related	neuropeptide	
(CGRP)	and	 the	other	group	has	 the	GDNF	 receptors	 such	as	RET,	GDNF	 family	 receptor	alpha-1	










Mechanical	 disruption	 of	 the	 axonal	 membrane	 causes	 the	 entry	 of	 extracellular	 ions	
resulting	 in	 depolarization,	 activation	 of	 calcium-sensitive	 proteases	 by	 calcium	 influx	 with	
remodelling	 of	 the	 cytoskeleton	 (73).	 These	 self-destructive	 events	 start	 the	 WD,	 probably	 via	
receptors	sensitive	to	tissue	damage	such	as	Toll-like	receptors	(TLRs)	(94),	and	occur	mainly	in	the	
lesion	 site	but	also	 in	 the	distal	nerve	 stump	 (95).	The	 first	events	of	peripheral	nerve	 injury	are	
similar	to	what	happens	in	CNS	axons	after	axotomy.	However,	the	following	steps	start	to	diverge	







Two	 days	 after	 injury,	 Schwann	 cells	 initiate	 the	 fragmentation	 and	 degradation	 of	myelin	 from	
injured	 neurons	 (97).	 Is	 during	 this	 process	 that	 inhibitory	 molecules	 like	 MAG	 and	 OMGP	 are	
evacuated	from	the	lesion	site	(73).	Phagocytic	macrophages	are	recruited	after,	by	cytokines	and	
chemokines	produced	by	activated	Schwann	cells,	to	clean	the	remaining	myelin	fragments	together	
with	 resident	 endoneurial	macrophages	 (96,98).	 In	 addition	 to	 its	 involvement	 in	 destruction	 of	
myelin	debris,	Schwann	cells	in	the	distal	nerve	stump	de-differentiate,	proliferate	and	align	within	




the	 construction	 of	 a	 permissive	 growth	 environment.	 Laminin,	 by	 its	 connection	 to	 integrins,	
improves	neurite	outgrowth	and	mediates	Schwann	cells	migration,	proliferation	and	remyelination.	









transcripts	 in	 a	 cell.	 Various	 technologies	have	been	developed	 to	evaluate	 and	 characterize	 the	
transcriptome	 of	 a	 population	 of	 cells	 or	 tissues,	 including	 hybridization-based	 microarrays	 and	
Sanger	 sequencing-based	methods	 (100).	 Transcriptomic	 analyses	 are	 important	 to	 characterize	
expression	profiles	of	pathologies	or	physiological	conditions.	The	main	platform	used	for	expression	
data	analysis	has	been	the	DNA/RNA	microarrays;	however,	 the	development	of	RNA-sequencing	
(RNA-seq)	 technologies	 allowed	 for	 higher	 accuracy	 and	 to	 include	more	 transcript	 populations	








made	by	 the	 fixation	of	DNA	 spots	 on	 a	 surface	 like	 a	 coated	 glass	 platform.	 The	 fluorescent	 or	
biotinilated	labelled	RNA	or	DNA	are	then	hybridized	to	the	microarray,	and	the	signal	emitted	by	
each	spot	is	detected	(102,103).	






This	work	 aimed	 to	 find	 relevant	 targets	 for	 new	 therapeutic	 approaches	 for	 spinal	 cord	
regeneration	following	injury.	Two	paths	were	designed	to	achieve	this	goal:	a	bioinformatics	analysis	




• To	 compare	 the	 lists	 of	 differential	 expressed	 genes	 (DEGs)	 of	 these	 studies,	 and	 find	
common	regulated	genes;	
• To	select	common	genes	with	relevance	for	the	nervous	system;	



















































a	 search	 on	 SRA	 was	 performed	 with	 the	 same	 previous	 key	 words.	 SRA	
(https://www.ncbi.nlm.nih.gov/sra)	 is	 the	 database	 of	 the	 National	 Centre	 for	 Biotechnology	
Information	 (NCBI)	 where	 sequence	 data	 obtained	 from	 next	 generation	 sequencing	 (NGS)	
technology	is	stored	and	can	be	downloaded	for	further	analysis.	






















































The	 microarray	 expression	 profile	 E-GEOD-69334	 based	 on	 Affymetrix	 GeneChip	 Rat	



























to	 Uniprot	 (http://www.uniprot.org)	 and	 some	 information	 of	 interest	 as	 tissue	 specificity	 and	
involvement	 in	 disease,	 was	 retrieved	 from	 Pubmed	 publications,	 OMIM	 -	 Online	 Mendelian	
Inheritance	 in	 Man®	 database	 and	 MalaCards-	 The	 Human	 Disease	 Database	
(http://www.malacards.org/).	 This	 information	 was	 complemented	 with	 Nervous	 System	
Mammalian	 Phenotypes	 associated	 with	 mutant	 genotypes,	 searched	 in	 the	 Mouse	 Genome	
Informatics	(MGI)	(http://www.informatics.jax.org)	database.	Mouse	Genome	Database	(MGD)	is	a	




The	 Database	 for	 Annotation,	 Visualization	 and	 Integrated	 Discovery	 6.8	 (DAVID)	
(https://david.ncifcrf.gov/home.jsp)	 is	 usually	 used	 for	 analysing	 large	 gene	 lists.	 This	 database	
organizes	interesting	genes	in	a	list	based	on	associated	biological	annotation	(e.g.,	gene	ontology	
terms,	 pathways),	 and	 then	 statistically	 highlight	 the	most	 overrepresented	 (enriched)	 biological	
Identification	and	characterization	of	potential	therapeutic	targets	for	spinal	cord	repair	
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annotation.	 This	 allows	 the	 identification	 of	 biological	 processes	 most	 pertinent	 to	 the	 study	
(109,110).	
Gene	Ontology	(GO)	Consortium	(http://geneontology.org/)	creates	classes	to	describe	gene	
function.	 It	characterizes	genes	based	on	 three	main	specificities:	molecular	 function	 -	molecular	
activities	 of	 the	 gene	 products;	 cellular	 component	 -	 where	 the	 gene	 products	 are	 active;	 and	





GO	 annotation	 terms	 and	 KEGG	 pathway	 enrichment	 analysis	 was	 performed	with	 a	 “Medium”	














to	 map	 all	 the	 human	 proteins	 in	 cells,	 tissues	 and	 organs	 using	 integration	 of	 various	 omics	
technologies,	 including	 antibody-based	 imaging,	 mass	 spectrometry-based	 proteomics,	









for	 regeneration,	 based	 on	 literature	 data,	 biological	 pathways,	 gene	 expression	 profiles	 and	
orthologs	 that	 gives	 the	 possibility	 of	 browsing	 genes	 by	 tissues/organs	 (114).	 Regeneration	















gluteal	 region.	The	 ischiocrural	musculature	was	 then	carefully	 spread	at	mid-thigh	with	minimal	














completely	 and	 reach	 original	 innervation	 targets	 (115).	 This	 lesion	 model	 is	 schematically	
represented	in	Figure	8.	
	
Figure	 8.	 Representative	 scheme	 of	 the	 crush	 lesion	 paradigm.	 Crushed	 sciatic	 nerve	 has	 the	 ability	 to	
regenerate	within	few	weeks.	Blue	cells:	Schwann	cells;	red	fibres:	axons;	green:	nerve	fibre.	
3.2.3.	Sciatic	nerve	transection	
The	 same	 anaesthesia	 procedure	 was	 applied	 to	 these	 animals.	 To	 reproduce	 chronic	
denervation,	 the	 proximal	 stump	 of	 the	 sciatic	 nerve	 was	 ligated	 using	 6/0	 suture	 silk	 and	 the	
transection	of	the	sciatic	nerve	was	performed	right	after	the	knot	with	a	pair	of	micro-scissors.	Since	
rodent	models	have	a	much	more	pronounced	endogenous	axonal	regeneration	than	humans	and	
can	spontaneously	 reconnect	 fibres,	 the	suturing	of	 the	stumps	must	be	performed	to	avoid	 this	




Figure	 9.	 Representative	 scheme	 of	 the	 transection	 lesion	 paradigm.	 The	 distal	 stump	 suffers	 more	
degeneration	than	the	proximal	stump	and	thanks	to	the	suture	in	the	proximal	extremity,	axonal	regrowth	is	
























Messenger	RNA	 (mRNA)	sequences	of	 the	 target	genes	were	downloaded	 from	GenBank	
(https://www.ncbi.nlm.nih.gov/genbank/)	 (see	Table	2).	Primers	 for	qRT-PCR	were	calculated	and	
designed	using	Primer	Express	3.0	Software	(Applied	Biosystems).	









Gene	 NCBI	Ref	Seq	 FWD	Seq	 REV	seq	
TNN	 NM_001107189.2	 GGGCAGCTGGATTTCTTCAA	 CAAGTCCAAGCCAGAACTCCTT	
MPP3	 NM_053668.1	 GCCAAATTCTGGCCCAATC	 CTGGGTGGCAGGGATGATC	






















Purification	 of	 extracted	 RNA	was	 performed	with	 RNeasy	 Columns	 (Qiagen)	 in	 order	 to	
remove	DNA	contamination	or	other	contaminants,	accordingly	to	RNeasy	Mini	HandBook	Standard	






silica	membrane	 (700	 µl	 is	 the	maximum	 column´s	 capacity),	 to	 which	 the	 total	 RNA	 binds	 and	
contaminants	are	efficiently	washed	away.	These	columns	provide	an	enrichment	for	mRNA	because	
they	retain	RNA	molecules	longer	than	200	nucleotides	and	5.8S	ribosomal	ribonucleic	acid	(rRNA),	
5S	 rRNA,	 transfer	 ribonucleic	 acid	 (tRNA)	 have	 less	 than	 200	 nucleotides	 of	 length	 and	 are	
consequently	washed	away.	
3.2.6.4.	Combination	of	TRIzolTM	Reagent	and	RNeasy	columns	
As	 DRG	 samples	 were	 smaller	 in	 terms	 of	 mass,	 the	 following	 alternative	 protocol	 of	
extraction	and	purification	of	total	RNA	was	performed	to	make	ensure	that	a	greater	percentage	of	
RNA	 probes	was	 collected.	 Tissue	was	 homogenized	 in	 500	 µl	 of	 Trizol	 Reagent	with	 a	 Polytron	
Homogenizer	(Kinematika)	centrifuged	at	12000xg	for	10	minutes	at	4ᵒC	and	then	the	supernatant	

















































Temperature	(ºC)	 25	 37	 85	 4	





















to	an	endogenous	control,	 to	account	 for	variability	 in	 the	 initial	amount	of	 total	RNA	and	 in	 the	
reverse	transcription	reaction.	Ornithine	Decarboxylase	(ODC)	was	the	house	keeping	gene	and	it	
was	 used	 as	 an	 endogenous	 control	 since	 it	 showed	 an	 invariant,	 constitutive	 expression	 in	 the	
different	time	points	and	conditions.	
qRT-PCR	quantification	is	based	on	the	measurement	of	the	fluorescence	emitted	by	a	dye	
when	 it	 is	 incorporated	 in	 double	 stranded	 DNA.	 2x	 Power	 SYBR	 Green	 Master	 Mix	 (Applied	



















	 Step	1	 Step	2	 Step	3	 Step	4	
Temperature	(ºC)	 50	 95	 95	 60	




















To	help	ensure	specificity	of	 the	selected	primers,	 the	dissociation	curve	of	 the	amplified	











Data	 is	 expressed	 as	 mean	 ±	 standard	 deviation	 of	 3	 biological	 replicates.	 Statistical	























Several	 rats	 were	 operated	 by	 Doctor	 Frank	 Bosse	 from	 the	 Molecular	 Neurobiology	














(Tissue	 TEK,	 Sakura),	 and	 10	 µm	 cross	 sections	 were	 made	 and	 transferred	 to	 Silane	 Treated	
Microscope	Slides	 (Marienfeld).	Before	storage,	slides	were	 left	 to	dry	at	RT	 for	30	min	and	then	
stored	at	-30°C.	
3.2.7.2.	Fluorescent	immunostaining	





dehydration	of	 the	 tissue	sections	and	 fluorochrome	 fading	of	 the	 secondary	antibodies.	Donkey	
serum	(DS,	Sigma-Aldrich)	was	diluted	in	PBS	1x	to	make	blocking	solution	and	primary	antibodies	





during	 10	minutes	with	 agitation.	 A	 blocking	 step	was	 performed	 to	 avoid	 unspecific	 binding	 of	
antibodies,	with	5	%	DS	 for	1	hour	at	 room	temperature	with	agitation.	Primary	antibodies	were	
incubated	for	around	24	hours	(over	night)	at	4°C,	also	with	agitation.	Primary	antibodies	must	be	
well	 washed	 to	 prevent	 the	 accumulation	 of	 non-specific	 binding	 antibodies	 so,	 before	 the	
incubation	with	secondary	antibodies,	sections	were	washed	3	times,	during	5	minutes	each,	with	
PBS.	 To	 perform	 double	 staining,	 Donkey	 Alexa	 Anti-rabbit	 594	 (A21207;	 Thermo	 Scientific)	 and	
Donkey	Alexa	Anti-mouse	488	 (A21202;	Thermo	Scientific),	or	Donkey	Alexa	Anti-rat	488	 (A21208;	























Schwann	 cells,	 glial	 cells	 and	 satellite	 cells;	 PDGFR-α	 is	 a	 receptor	 present	 in	 oligodendrocytes,	




























































IB4	(LECTIN)	 Isolectin	B4	 Sigma-Aldrich	 L	2895	 Isolectin	B4	 1:20	
	
3.2.7.3.	Microscopy	analysis	
Fluorescent	 labelling	 was	 analysed	 in	 a	 fluorescence	microscope	 Axioplan	 2	 (Zeiss)	 with	

















































































The	 expression	 profile	 study	 E-GEOD-69334,	 deposited	 by	 Xiaoguang	 Li	 and	 Yi	 E	 Sun,	
analysed	tissue	of	animals	that	received	a	Neurotrophin-3	(NT3)-loaded	chitosan	in	the	empty	lesion	
site	after	a	complete	spinal	cord	transection	in	the	thoracic	spinal	tract.	Other	interventions	were	
performed	 but	 they	 had	 no	 interest	 to	 this	 study.	 At	 1,	 3,	 10,	 20,	 30,	 60,	 90	 dpi,	 animals	were	
sacrificed	and	lesion	site	tissue	of	treated	animals	and	injured	animals	without	treatment	was	used	




A	 receptor	4	 (EphA4).	Previously	has	been	 shown	 that	blocking	of	 the	EphA4	 receptor	promotes	
axonal	 regeneration	 and	 functional	 recovery	 following	 SCI.	 These	 authors	 have	 performed	 a	
microarray	analysis	of	spinal	cord	tissue	from	the	lesion	site	of	mice	with	spinal	cord	injury	and	sham	














Selected	 studies	 presented	 different	 types	 of	 spinal	 cord	 lesion,	 different	 regenerative	
attempt	treatments	and	2	different	but	similar	rodent	models,	but	they	share	similar	lesion	sites	and	






















































































































Using	 Excel,	 mean	 values	 for	 each	 condition	 were	 calculated	 and	 fold	 increases	 were	














rat	 or	mice	 genes	 can	 be	 converted	 in	more	 than	 one	 human	 gene,	 by	 human	 homology	 ‘type	
one2many’.	 Results	 for	 ‘many2many’	 homology	 were	 excluded,	 as	 well	 as	 genes	 with	 human	
orthology	confidence	of	0.	
For	 the	 E-GEOD-34430	 study,	 after	 cleaning	 the	 results	 according	 to	 the	 parameters	
established,	 1,689	 of	 the	 up-regulated	 ones	 were	 retrieved	 (84.3%)	 and	 1,550	 down-regulated	









regulated	 group	 (Figure	 13.B.),	 38	 genes	 are	 differential	 expressed	 in	 the	 three	 studies.	 A	 great	
overlap	 is	 also	 observed	 when	 comparing	 groups	 two	 by	 two.	 The	 complete	 table	 with	 the	









The	 two	 lists	 of	 common	 DEGs	 were	 uploaded	 to	 UniProtKB	 database	 and	 some	 useful	
information	 regarding	 biological	 function	 was	 retrieved.	 In	 Table	 8	 are	 presented	 the	 down-
regulated	common	genes	and	in	Table	9	are	presented	the	up-regulated	common	genes.	With	this	
analysis	it	was	possible	to	see	that	some	of	the	genes	found	to	be	commonly	regulated	in	the	three	


































































































LTB Q06643 Lymphotoxin-beta Spleen	and	thymus.
TMEM215 Q68D42 Transmembrane	protein	




































































































































































































































































































































































































abundant,	 5	 clusters	 for	 each	 group	 are	 here	 presented	 (see	 entire	 table	 in	 appendix	 –
Supplementary	Table	3).	
Results	of	the	down-regulated	genes	demonstrated	that	there	are	14	significantly	enriched	
clusters	 fulfilling	 the	 threshold	 parameters	 (Table	 10).	 GO	 terms	 and	 KEGG	 pathways	 of	 down-
regulated	 genes	 were	 predominantly	 associated	 with	 axon	 development,	 cardiomyopathy,	
inflammatory	response,	sodium/potassium	transport,	sperm	motility,	and	calcium	channel	complex.	
Up-regulated	common	genes	were	enriched	in	14	significantly	established	clusters	(Table	11).	The	
main	 terms	presented	 in	 these	groups	were	cell	 cycle	 regulation	of	DNA	 replication,	DNA	 repair,	
cardiomyopathy,	 wound-healing	 signalling	 pathways,	 and	 neurotransmitter	 transmembrane	
transport.		












































































Term Description Count % P-value
	Cluster	1 Enrichment	Score:	2.86
hsa04060 Cytokine-cytokine	receptor	interaction 23 3.36 6.05E-05
GO:0070098 Chemokine-mediated	signaling	pathway 10 1.46 1.09E-03
GO:0006954 Inflammatory	response 22 3.22 3.95E-02
	Cluster	2 Enrichment	Score:	2.38
GO:0031402 Sodium	ion	binding 5 0.73 6.88E-04
GO:0030955 Potassium	ion	binding 5 0.73 1.31E-03
GO:0006813 Potassium	ion	transport 7 1.02 7.95E-02
	Cluster	3 Enrichment	Score:	2.22
GO:0035725 Sodium	ion	transmembrane	transport 10 1.46 0.00
GO:0086010 Membrane	depolarization	during	action	potential 6 0.88 0.00
GO:0005248 Voltage-gated	sodium	channel	activity 5 0.73 0.01
GO:0034765 Regulation	of	ion	transmembrane	transport 11 1.61 0.01
GO:0060078 Regulation	of	postsynaptic	membrane	potential 5 0.73 0.01
GO:0001518 Voltage-gated	sodium	channel	complex 4 0.58 0.01
GO:0019228 Neuronal	action	potential 5 0.73 0.02
	Cluster	4 Enrichment	Score:	2.12
GO:0030049 Muscle	filament	sliding 8 1.17 3.97E-04
GO:0060048 Cardiac	muscle	contraction 8 1.17 1.14E-03
GO:0005861 Troponin	complex 3 0.44 3.14E-02
GO:0055010 Ventricular	cardiac	muscle	tissue	morphogenesis 3 0.44 2.32E-01
	Cluster	5 Enrichment	Score:	2.11
GO:1903779 Regulation	of	cardiac	conduction 12 1.75 4.76E-06
hsa04970 Salivary	secretion 12 1.75 3.94E-04
GO:0005890 Sodium:potassium-exchanging	ATPase	complex 5 0.73 4.48E-04
hsa04974 Protein	digestion	and	absorption 12 1.75 4.82E-04
GO:0060048 Cardiac	muscle	contraction 8 1.17 1.14E-03
hsa04261 Adrenergic	signaling	in	cardiomyocytes 14 2.05 3.73E-03
GO:0006883 Cellular	sodium	ion	homeostasis 5 0.73 4.43E-03
GO:0005391 Sodium:potassium-exchanging	ATPase	activity 4 0.58 4.79E-03
GO:0036376 Sodium	ion	export	from	cell 4 0.58 4.82E-03
hsa04973 Carbohydrate	digestion	and	absorption 7 1.02 4.84E-03
hsa04971 Gastric	acid	secretion 9 1.32 6.39E-03
GO:0030007 Cellular	potassium	ion	homeostasis 4 0.58 8.36E-03
hsa04024 cAMP	signaling	pathway 16 2.34 8.59E-03
hsa04964 Proximal	tubule	bicarbonate	reclamation 5 0.73 1.04E-02
GO:0086064 Cell	communication	by	electrical	coupling	involved	in	cardiac	conduction4 0.58 1.06E-02
GO:0010248 Establishment	or	maintenance	of	transmembrane	electrochemical	gradient4 0.58 1.06E-02
hsa04022 cGMP-PKG	signaling	pathway 14 2.05 1.08E-02
hsa04919 Thyroid	hormone	signaling	pathway 11 1.61 1.15E-02
hsa04976 Bile	secretion 8 1.17 1.57E-02
hsa04918 Thyroid	hormone	synthesis 8 1.17 1.69E-02
hsa04260 Cardiac	muscle	contraction 8 1.17 2.38E-02
hsa04961 Endocrine	and	other	factor-regulated	calcium	reabsorption 6 0.88 2.75E-02
hsa04978 Mineral	absorption 6 0.88 3.00E-02
GO:1903561 Extracellular	vesicle 6 0.88 3.33E-02
GO:0086009 Membrane	repolarization 3 0.44 4.05E-02
hsa04911 Insulin	secretion 8 1.17 4.31E-02
hsa04960 Aldosterone-regulated	sodium	reabsorption 5 0.73 6.02E-02
hsa04972 Pancreatic	secretion 8 1.17 6.43E-02
GO:0006813 Potassium	ion	transport 7 1.02 7.95E-02









String's	 undirected	 protein-protein	 interaction	 networks	 based	 on	 ‘Experiments’,	
‘Databases’	and	‘Co-expression’	data,	with	connection	interaction	scores	of	at	least	0.7,	of	common	






The	 PPI	 network	 of	 up-regulated	 DEGs	 (Figure	 14.B)	 consisted	 of	 29	 protein	 nodes.	 14	
(BRCA1,	BRCA2,	TIMELESS,	POLE,	DSCC1,	CHAF1B,	CENPT,	CENPI,	PKMYT1,	PRC1,	NCAPG2,	KIF4A,	
KIF11	and	KIF20A)	of	 the	38	up-regulated	genes	are	connected	direct	or	 indirectly	 in	an	 intricate	
network.	Top	hub	genes	(genes	with	high	degree	of	connection)	are	MCM4,	CDK1,	PCNA	and	POLE2.	
Term Description Count % P-value
	Cluster	1 Enrichment	Score:	8.14
GO0007062 Sister	chromatid	cohesion 22 3.71 1.73E-11
GO0000776 Kinetochore 16 2.70 3.56E-08
GO0000777 Condensed	chromosome	kinetochore 15 2.53 6.21E-07
	Cluster	2 Enrichment	Score:	3.89
GO0006270 DNA	replication	initiation 11 1.85 4.72E-08
GO0042555 MCM	complex 6 1.01 3.70E-06
hsa03030 DNA	replication 8 1.35 2.24E-04
GO0000784 Nuclear	chromosome,	telomeric	region 10 1.69 2.37E-02
GO0003678 DNA	helicase	activity 4 0.67 4.08E-02
	Cluster	3 Enrichment	Score:	3.82
hsa04110 Cell	cycle 20 3.37 5.70E-08
hsa04114 Oocyte	meiosis 11 1.85 5.11E-03
hsa04914 Progesterone-mediated	oocyte	maturation 9 1.52 1.16E-02
Cluster	4 Enrichment	Score:	3.43
hsa04974 Protein	digestion	and	absorption 14 2.36 1.14E-05
GO0005581 Collagen	trimer 12 2.02 1.66E-04
GO0030574 Collagen	catabolic	process 9 1.52 1.16E-03
GO0005788 Endoplasmic	reticulum	lumen 14 2.36 8.87E-03
	Cluster	5 Enrichment	Score:	2.21
GO0000732 Strand	displacement 7 1.18 1.64E-04
GO0000729 DNA	double-strand	break	processing 4 0.67 1.21E-02
























to	 first	 shell	 (grey	nodes)	with	no	more	 than	10	 interactors.	Nodes	are	 sized	accordingly	 to	 the	degree	of	
connection	 to	 other	 proteins,	 bigger	 circles	 represent	 higher	 degree.	 Only	 the	 DEGs	 that	 showed	 some	
interaction	were	included	in	this	network.	Edited	on	Cytoscape.	
4.1.8.	REGene	database	and	Human	Brain	Proteome	
REGene	 database	 allows	 the	 download	 of	 lists	 of	 genes	 that	 are	 already	 associated	 to	




























































































































































































































































































































































of	 cells.	 This	 gene	 product	 is	 a	 member	 of	 a	 family	 of	 membrane-associated	 proteins	 termed	
MAGUKs	 (membrane-associated	 guanylate	 kinase	 homologs).	 MAGUKs	 interact	 with	 the	
cytoskeleton	and	 regulate	 cell	 proliferation,	 signalling	pathways,	 and	 intracellular	 junctions	 (119)	
This	protein	contains	a	conserved	sequence,	called	the	SH3	(src	homology	3)	motif,	responsible	for	
its	 association	 with	 the	 cytoskeleton.	 It	 is	 thought	 that	 MPP3	 plays	 an	 important	 role	 in	 signal	
transduction	 (GO:0007165),	 and	 is	 also	 involved	 in	 GDP-mannose	 pyrophosphorylase	 (GMP)	
(GO:0046037)	 and	GDP	metabolic	 processes	 (GO:0046710).	 It	 is	 related	with	Chromosome	3q29	
Deletion	Syndrome	causing	microcephaly	and	Allan-Herndon-Dudley	Syndrome	that	causes	mental	
retardation.	This	gene’s	mRNA	is	overexpressed	in	brain:	cerebellar	hemisphere	and	cerebellum,	and	
in	 heart:	 atrial	 appendage	 and	 left	 ventricle,	 according	 to	 the	 GTEx	 database	
(https://www.gtexportal.org/home/),	and	its	protein	is	highly	expressed	in	fetal	brain,	frontal	cortex	
and	 fetal	 heart	 according	 to	 ProteomicsDB	 (https://www.proteomicsdb.org),	 PaxDb	 (http://pax-
db.org/),	 and	 MOPED	 –	 Multi-Omics	 Profilling	 Expression	 databases	
(https://www.proteinspire.org/MOPED).	According	to	LifeMap	Discovery	-	Embryonic	Development	












associated	 with	 KIF4A,	 according	 to	 Malacards	 (http://www.malacards.org/),	 are	 cognitive	
phenotypes	like	Mental	Retardation	X-Linked	100	(HP:0001419),	intellectual	disability	(HP:0001249),	
abnormality	 of	 higher	 mental	 function	 (HP:0011446),	 seizures	 (HP:0001250),	 and	 poor	 speech	
(HP:0002465).	KEGG	pathways	database	retrieved	its	related	pathways’	terms:	endocytic	trafficking,	
EGFR	 signalling	 and	 innate	 immune	 system.	GO	 annotations	 related	 to	 this	 gene	 include	ATPase	
activity	 (GO:0005524),	 microtubule-based	 movement	 (GO:0007018)	 and	 anterograde	 axonal	
transport	 (GO:0008089).	 KIF4A	 is	 also	 involved	 in	 the	 pathway	 R-HSA-422475,	 of	 axon	 guidance	
according	to	Reactome.	The	most	probable	subcellular	locations	according	to	UniProtKB/Swiss-Prot	
are	 the	 nucleus	 matrix,	 cytoplasm	 (cytoskeleton,	 spindle),	 midbody	 (during	 cytokinesis)	 and	
chromosome.	
TNN	




processes	 of	 axonogenesis	 (GO:0007409),	 cell	 migration	 (GO:0016477),	 and	 cell	 growth	
(GO:0016049).	 The	 subcellular	 locations	 described	 by	 UniprotKB/Swiss-Prot	 are	 the	 extracellular	
space	(secreted)	and	extracellular	matrix.	It	is	not	detected	in	normal	adult	mammary	tissues	or	brain	






and	 a	 not	 so	 regenerative	model:	 the	 transected	 sciatic	 nerve.	 There	 are	 also	many	 other	DEGs	
























levels.	 For	 each	 condition,	 three	biological	 replicates	were	used.	 Replicates	 show	great	 standard	
deviation	because	there	is	a	high	level	of	inner	variability	for	each	animal.	Nevertheless,	although	























































































































































































































































































Anderson	 and	 Seilhamer	 showed	 that	 mRNA	 and	 protein	 levels,	 in	 human	 liver,	 do	 not	
directly	correlated	(122).	As	this	can	happen	in	other	organs,	it	was	important	to	test	the	distribution	
of	 the	 candidates	 in	 neuronal	 tissue	 to	 complement	 the	 expression	 analyses.	 To	 validate	 the	
expression	 of	 the	 studied	 genes	 in	 neuronal	 tissue	 intact	 or	 lesioned,	 immunostainings	 of	
cryosections	 of	 spinal	 cord,	 DRG	 and	 sciatic	 nerve	 tissues	 were	 made.	 Tissues	 analysed	 were	
extracted	from	sham-operated	or	lesioned	animals.	Time-points	analysed	were	selected	based	on	
the	 expression	 analysis	 results:	 the	 time	 points	where	 the	 genes	 showed	more	 expression	were	
selected,	as	the	probability	of	finding	the	proteins	in	the	stainings	was	higher.	
4.2.2.1.	KIF4A	distribution	pattern	in	spinal	cord	cryo-sections	












spinal	 cord.	 A)	 KIF4A-positive	 structures	 are	 present	 in	 both	 gray	 (cell	 bodies)	 and	 white	 matter	 (axonal	
pattern);	B)	Colabelling	with	PAN	312,	an	axonal	marker,	shows	partial	overlapping	(arrows);	C)	MBP	marker	
was	used	to	stain	Myelin	and	no	overlapping	was	observed	with	KIF4A;	D)	Staining	with	GFAP,	a	glial	marker,	






































































































after	 the	 lesion,	 confirmed	 the	 previous	 results:	 the	 signal	 of	 the	 axonal	 marker	 PAN	 was	 low,	
revealing	that	 there	were	 few	axons	 in	 this	area,	but	 there	were	KIF4A-positive	structures	 in	 this	
region	 at	 this	 time	 point	 (Figure	 27.A).	 Double	 labelling	 with	 KIF4A	 and	 PDGFR-α,	 a	 glial	 and	
endothelial	marker	showed	that	positive	cells	for	PDGFR-α	had	their	inner	structures	also	stained	for	






the	distal	 stump	of	a	 transected	nerve,	axonal	marker	PAN	 is	not	 labelling	 the	axons,	but	 there	are	KIF4A-
positive	structures	(arrow-heads);	B)	Double	 labelling	with	KIF4A	and	PDGFR-α	shows	that	positive	cells	 for	

























The	 immunohistochemistry	 analysis	 of	MPP3	distribution	 in	 an	 intact	 spinal	 cord	 sagittal	
section	 showed	 that	MPP3	 was	 clearly	marking	 PAN-positive	 axonal-like	 structures	 in	 the	 white	
matter	and	some	cell	bodies	in	the	gray	matter	(Figure	29.A).	Co-localization	of	MPP3	with	the	axonal	







matter	 (asterisk).	B)	Zoomed	picture	of	 the	white	matter	of	 the	spinal	cord,	 showing	 the	co-localization	of	




















































cell	 marker)	 co-labelling	 shows	 no	 co-localization	 of	MPP3-positive	 structures	 with	 Schwann	 cells	 (arrow-
heads).	Some	structures	with	a	distribution	pattern	different	from	Schwann	cells	or	axons	are	also	positive	for	
MPP3	(asterisks).	DAPI	is	marking	the	nucleus.	
To	 study	 the	 distribution	 pattern	 of	 MPP3	 in	 the	 distal	 degenerative	 part	 of	 the	 nerve	


























nerve	 and	 spinal	 cord	 tissues,	 were	 both	 staining	 axons	 of	 the	 sciatic	 nerve,	 and	 KIF4A	 is	 also	
expressed	in	Schwann	Cells.	When	looking	to	DRG,	both	big	and	small	neurons	are	MPP3-	and	KIF4A-
positive	but	with	different	subcellular	localizations,	KIF4A	is	preferentially	expressed	in	the	nucleus,	

















the	observed	 improved	functional	recovery.	The	bioinformatics	analysis	was	an	 important	tool	 to	





related	 pathways;	 while	 down-regulated	 DEGs	 were	 involved	 in	 oxidative	 phosphorylation	 and	
central	 nervous	 system	 disease	 signalling	 pathways	 (117,123,124).	 However,	 our	 particular	
comparative	study	is	somewhat	innovative	as	it	is	an	attempt	of	finding	common	robust	pathways	
that	 are	 regulated	 when	 a	 non-endogenous	 partial	 regeneration	 occurs.	 This	 is	 the	 reason	 why	
injured	animals	without	treatment	were	used	as	controls,	instead	of	sham-operated	animals.	
In	 the	bioinformatics	 comparative	analysis,	 a	 group	of	 genes	was	 found	 to	be	commonly	
regulated	in	the	three	analysed	studies,	which	means	that	they	may	have	some	key	functions	in	the	














regeneration.	 In	 favour	of	this	hypothesis	 is	a	study	where	the	 inhibition	of	collagen	biosynthesis	













When	exploring	 the	Human	Protein	Atlas,	 some	of	 the	common	regulated	DEGs	 (PCDH8,	
SLCO1A2,	EPHA4,	DYNC1⎟1	and	RPRM)	were	 found	 to	make	part	of	 the	Human	Brain	Proteome,	
meaning	that	in	healthy	situations,	these	genes	are	highly	expressed	in	neuronal	tissue.	However,	in	
the	context	of	the	analysed	transcriptomes,	these	genes	are	down-regulated	after	injury.	
To	 find	 putative	 connections	 of	 the	 identified	 DEGs	 with	 already	 known	 regeneration	
pathways,	 the	 lists	 of	 our	 common	 genes	 were	 compared	with	 genes	 already	 known	 to	 have	 a	
function	in	the	regenerative	processes	of	the	nervous	system,	including	the	spinal	cord,	retrieved	
from	the	REgene	database.	RET	gene	was	found	to	have	a	neuroregenerative	effect	in	Parkinson’s	
Disease	 (127)	 and	 EPHA4	was	 already	 connected	 to	 neurite	 outgrowth	 in	 the	 SC	 (128).	 The	 PPI	
network	with	known	RAGs	and	our	common	up-	and	down-regulated	genes	that	interact,	shows	a	
dense	net	of	connections,	unveiling	possible	relationships	between	the	genes	in	study	and	the	genes	












tissue	 lesion	 and	 further	 endogenous	 regeneration	 by	 the	 analysis	 of	 the	 distal	 stumps	 of	
degenerative	 sciatic	 nerves,	 and	 its	 corresponding	 DRG,	 by	 quantitative	 real-time	 PCR	 and	
Identification	and	characterization	of	potential	therapeutic	targets	for	spinal	cord	repair	
Department	of	Medical	Sciences	⎟	University	of	Aveiro	 85	
immunohistochemistry	 techniques.	 The	 protein	 distribution	 of	 these	 genes	was	 also	 analysed	 in	
lesioned	and	intact	spinal	cord	tissue.	
The	bioinformatics	analysis	of	transcriptomic	studies	on	partial	regenerative	model	animals	




















is	 being	 expressed	 in	 both	 bigger	 and	 smaller	 DRG	 neurons	 so,	 if	 this	 gene	 has	 a	 protective	 or	
promoting	role,	it	is	affecting	all	different	types	of	sensory	neurons.	
MPP3	 is	 a	 membrane-associated	 protein	 and	 has	 been	 related	 to	 actin	 cytoskeleton	
reorganization	by	connecting	CADM1	with	the	p85	portion	of	PI3K,	forming	a	multi-protein	complex	
at	the	periphery	of	cells	which	activates	the	PI3K	pathway	to	reorganize	the	actin	cytoskeleton	and	
act	 on	 cell	 morphology	 and	 differentiation	 (e.g.	 promotes	 the	 acquisition	 of	 an	 epithelial	 cell	
structure	 in	MDCK	 cells)	 (129).	 PI3K	 has	 also	 already	 been	 related	with	 neurogenesis	 during	 the	
embryonic	development	(130).	In	studies	where	MPP3	was	overexpressed,	this	protein	was	shown	
to	enhance	cell	migration	by	up-regulating	the	matrix	metalloproteinase	1	(MMP1)	(132).	Also	during	














The	 other	 common	 DEG	 chosen	 to	 analyse	 by	 qPCR	 and	 IHC	 means	 was	 KIF4.	 In	 the	
bioinformatics	analysis	of	the	transcriptomes	of	partially	SCI	recovering	paradigms	in	rodents,	KIF4A	






suture	of	 transection	does	not	allow	this	communication	between	 the	distal	part	of	 the	 lesioned	
nerve	and	its	cell	body.	The	immunostaining	results	in	intact	and	lesioned	sciatic	nerve	support	this	
hypothesis,	 since	 Schwann	 cells	 and	 other	 support	 cells	 in	 the	 distal	 lesion	 nerve	 section	 were	





axons,	 excludes	 molecules	 from	 axons	 and	 direct	 them	 to	 dendrites,	 promoting	 the	 neuronal	
polarized	structure	(134).	Beta	1	integrin	is	also	widely	known	to	connect	the	actin	cytoskeleton	to	
the	ECM,	and	 to	be	 involved	 in	processes	such	as	cell	adhesion	and	migration.	For	example,	 it	 is	
known	to	be	important	for	nerve	regeneration	in	the	peripheral	nervous	system	by	influencing	neural	
crest	cell	migration	and	axonal	outgrowth	(135).	Related	to	this	must	be	the	fact	 that	the	beta	1	












neurons	 from	 DRG	 might	 implicate	 a	 gain	 in	 a	 similar	 function	 to	 its	 described	 role	 during	
developmental	 stages	 in	 promoting	 molecules’	 transport	 in	 injured	 neurons.	 During	 axonal	
development	KIF4A	is	involved	in	the	anterograde	trafficking	of	ribosomal	constituents	to	axons	by	




mechanism	that	has	been	implicated	 in	 local	synaptic	plasticity,	 including	spine	development	and	




the	 nucleus	 after	 lesion.	 This	may	 represent	 a	 possible	 attempt	 to	 increase	 axonal	 transport	 of	
molecules	and	ribosomes	to	the	lesion	site,	essential	to	the	increased	protein	requirements	in	the	
lesioned	area.	














and	migration	by	 activation	of	molecules	 of	 the	 Erb	B	 tyrosine	 kinase	 receptors	 family,	with	 the	
formation	of	alpha5/beta1	 integrin-ErbB2-FAK	complex	 (139).	Taskinen	et	al	 (140)	also	described	
that	EFLCs	are	beta	1	integrin-positive	cells,	observed	to	be	in	the	proximal	part	of	the	nerve	already	
at	 24	 h	 after	 transection.	 Following	 4	weeks	 after	 the	 start	 of	 the	WD,	 these	 cells	 form	 circular	





action	 in	 the	 regenerative	 processes	 of	 the	 PNS	 lesion.	 This	 protein	 can	 also	 be	 promoting	 the	
differentiation	of	other	PNS	regenerative	supporting	cells,	such	as	perineurial	or	endoneurial	cells.	
Our	 immunostaining	 data	 showed	 KIF4A-positive	 cells	 that	were	 not	 stained	 for	 S100,	 and	 have	
similar	morphology	to	the	one	described	for	EFLCs.	These	cells	may	be	supporting	Schwann	cells	in	
the	regeneration	of	the	lesioned	sciatic	nerve,	and	the	regenerative	phenotype	acquired	by	these	








is	 strongly	up-regulated	 in	 the	distal	 stump	and	expressed	 in	 the	neuronal	adjacent	cells.	On	 the	









some	 genes	 related	 with	 partial	 recovery	 from	 SCI	 via	 exogenously-imposed	 regenerative	
approaches.	MPP3,	KIF4A	and	TNN	were	selected	to	further	experimental	studies	because	of	their	
already	 known	 connection	 with	 pathways	 and	 biological	 processes	 that	 1)	 might	 be	 involved	 in	
axonal	regeneration,	but	2)	no	direct	connection	of	these	genes	and	SCI	was	yet	established	in	the	
literature.		
The	 follow	 up	 bench	 studies	 demonstrated	 that	 KIF4A	 and	 MPP3	 are	 expressed	 and	
regulated	 in	 the	 lesioned	 sciatic	 nerve	 and	 in	 the	 corresponding	dorsal	 root	 ganglia	 after	 lesion.	
Moreover,	these	genes	also	showed	protein	staining	in	normal	spinal	cord	tissue	sections,	in	sciatic	
nerve	 and	 in	DRG	 cuts,	 revealing	 that	 they	 are	expressed	 in	neuronal	 and/or	 glial.	 Based	on	 the	
results	of	this	work,	we	believe	that,	after	injury	and	at	the	lesion	site	KIF4A	looses	the	axonal	staining	
(due	to	axonal	 lesion	and	degeneration)	and	 is	more	expressed	 in	supporting	cells	and	neuroglia,	






these	 genes	 in	 regenerative	 processes	 of	 lesioned	 neuronal	 tissues	 and	 their	 potential	 use	 as	
therapeutic	targets	in	SCI	or	other	pathologies	affecting	the	spinal	cord	integrity.	
Further	experimental	studies	need	to	be	performed	to	prove	the	putative	role	of	MPP3	and	
KIF4A	 in	 axonal	 regeneration.	 For	 this	 purpose,	 the	 studies	 should	 include:	 1)	 the	 silencing	 or	
overexpression	of	these	genes	in	different	cell	culture	types	of	neurons,	neuroglia	and	endoneurial	





































































20.		 Tator	 CH,	 Koyanagi	 I.	 Vascular	mechanisms	 in	 the	 pathophysiology	 of	 human	 spinal	 cord	 injury.	 J	
Neurosurg.	1997	Mar;86(3):483–92.		













26.		 Choo	AM,	 Liu	 J,	 Lam	CK,	Dvorak	M,	 Tetzlaff	W,	Oxland	 TR.	 Contusion,	 dislocation,	 and	distraction:	
primary	 hemorrhage	 and	 membrane	 permeability	 in	 distinct	 mechanisms	 of	 spinal	 cord	 injury.	 J	
Neurosurg	Spine.	2007	Mar;6(3):255–66.		
27.		 Pineau	I,	Lacroix	S.	Proinflammatory	cytokine	synthesis	in	the	injured	mouse	spinal	cord:	Multiphasic	




29.		 Carlson	SL,	Parrish	ME,	Springer	 JE,	Doty	K,	Dossett	L.	Acute	 Inflammatory	Response	 in	Spinal	Cord	
Following	Impact	Injury.	Exp	Neurol.	1998	May;151(1):77–88.		
30.		 Nguyen	HX,	O’Barr	 TJ,	Anderson	AJ.	 Polymorphonuclear	 leukocytes	promote	neurotoxicity	 through	
release	 of	 matrix	 metalloproteinases,	 reactive	 oxygen	 species,	 and	 TNF-α.	 J	 Neurochem.	
2007;102(3):900–12.		
31.		 Beck	 KD,	Nguyen	HX,	 Galvan	MD,	 Salazar	 DL,	Woodruff	 TM,	 Anderson	 AJ.	 Quantitative	 analysis	 of	








35.		 Hirschberg	 DL,	 Yoles	 E,	 Belkin	 M,	 Schwartz	 M.	 Inflammation	 after	 axonal	 injury	 has	 conflicting	







































51.		 Kwon	 B.	 Pathophysiology	 and	 pharmacologic	 treatment	 of	 acute	 spinal	 cord	 injury.	 Spine	 J.	 2004	
Aug;4(4):451–64.		






















60.		 Ahuja	 CS,	 Fehlings	 M.	 Concise	 Review:	 Bridging	 the	 Gap:	 Novel	 Neuroregenerative	 and	
Neuroprotective	Strategies	in	Spinal	Cord	Injury.	Stem	Cells	Transl	Med.	2016	Jul;5(7):914–24.		
61.		 Apostolova	I,	Irintchev	A,	Schachner	M.	Tenascin-R	Restricts	Posttraumatic	Remodeling	of	Motoneuron	





63.		 Wang	 KC,	 Koprivica	 V,	 Kim	 JA,	 Sivasankaran	 R,	 Guo	 Y,	 Neve	 RL,	 et	 al.	 Oligodendrocyte-myelin	





































79.		 Silverman	 JD,	 Kruger	 L.	 Selective	 neuronal	 glycoconjugate	 expression	 in	 sensory	 and	 autonomic	
ganglia:	relation	of	lectin	reactivity	to	peptide	and	enzyme	markers.	J	Neurocytol.	1990;19(5):789–801.		




82.		 Price	 J.	 An	 lmmunohistochemical	 and	Quantitative	 Examination	 of	 Dorsal	 Root	 Ganglion	 Neuronal	
Subpopulations.	J	Neurosci.	1985;5(8):2051–9.		
83.		 Averill	S,	McMahon	SB,	Clary	DO,	Reichardt	LF,	Priestley	J	V.	Immunocytochemical	localization	of	trkA	













































103.		 Celis	 JE,	 Kruhøffer	M,	Gromova	 I,	 Frederiksen	C,	Østergaard	M,	 Thykjaer	 T,	 et	 al.	Gene	 expression	
profiling:	monitoring	transcription	and	translation	products	using	DNA	microarrays	and	proteomics.	
FEBS	Lett.	2000	Aug	25;480(1):2–16.		
104.		 Jiang	 Z,	 Zhou	 X,	 Li	 R,	 Michal	 JJ,	 Zhang	 S,	 Dodson	M	 V.,	 et	 al.	 Whole	 transcriptome	 analysis	 with	
sequencing:	methods,	challenges	and	potential	solutions.	Cell	Mol	Life	Sci.	2015	Sep	28;72(18):3425–
39.		









109.		 Huang	DW,	 Sherman	BT,	 Lempicki	 RA.	 Systematic	 and	 integrative	 analysis	 of	 large	 gene	 lists	 using	
DAVID	bioinformatics	resources.	Nat	Protoc.	2008	Dec;4(1):44–57.		











114.		 Zhao	 M,	 Rotgans	 B,	 Wang	 T,	 Cummins	 SF.	 REGene:	 a	 literature-based	 knowledgebase	 of	 animal	
regeneration	that	bridge	tissue	regeneration	and	cancer.	Sci	Rep.	2016;6(February):23167.		






injury:	 altered	 locomotor	 recovery	 and	 whole-genome	 transcriptional	 analysis.	 BMC	 Neurosci.	
2015;16:74.		






marker	 of	 glioma-associated	 blood	 vessels	 and	 stimulates	 angiogenesis	 in	 vitro.	 FASEB	 J.	 2010	
Mar;24(3):778–87.		







125.		 Brazda	 N,	 Müller	 HW.	 Pharmacological	 modification	 of	 the	 extracellular	 matrix	 to	 promote	
regeneration	of	the	injured	brain	and	spinal	cord.	In	2009.	p.	269–81.		
126.		 Gào	 X,	 Schöttker	 B.	 Reduction–oxidation	 pathways	 involved	 in	 cancer	 development:	 a	 systematic	
review	of	literature	reviews.	Oncotarget.	2017	Jul	31;		








129.		 Murakami	 S,	 Sakurai-Yageta	M,	Maruyama	T,	Murakami	Y.	 Trans-homophilic	 interaction	of	CADM1	
activates	 PI3K	 by	 forming	 a	 complex	 with	 MAGuK-family	 proteins	 MPP3	 and	 Dlg.	 PLoS	 One.	
2014;9(2):e82894.		
130.		 Zhang	Q,	Liu	G,	Wu	Y,	Sha	H,	Zhang	P,	Jia	J.	BDNF	promotes	EGF-induced	proliferation	and	migration	
of	 human	 fetal	 neural	 stem/progenitor	 cells	 via	 the	 PI3K/Akt	 pathway.	 Molecules.	 2011	 Dec	
6;16(12):10146–56.		
131.		 Ma	 H,	 Cai	 H,	 Zhang	 Y,	 Wu	 J,	 Liu	 X,	 Zuo	 J,	 et	 al.	 Membrane	 palmitoylated	 protein	 3	 promotes	










136.		 Méchaly	 I,	 Bourane	 S,	 Piquemal	 D,	 Al-Jumaily	 M,	 Ventéo	 S,	 Puech	 S,	 et	 al.	 Gene	 profiling	 during	
development	and	after	a	peripheral	nerve	traumatism	reveals	genes	specifically	induced	by	injury	in	
dorsal	root	ganglia.	Mol	Cell	Neurosci.	2006	Jul;32(3):217–29.		
137.		 Bisbal	 M,	 Wojnacki	 J,	 Peretti	 D,	 Ropolo	 A,	 Sesma	 J,	 Jausoro	 I,	 et	 al.	 KIF4	 mediates	 anterograde	





139.		 Wakatsuki	 S,	 Araki	 T,	 Sehara-Fujisawa	 A.	 Neuregulin-1/glial	 growth	 factor	 stimulates	 Schwann	 cell	

















































• Add	 1	mL	 of	 DEPC	 (Diethylpyrocarbonate)	 per	 1000	mL	 of	MilliQ	water	 and	mix	
thoroughly;	
• Let	the	DEPC-mixed	water	incubate	for	12	hours	at	37°C;	
• Autoclave	DEPC-mixed	water	for	15	minutes.	
